Ephrati-Elizur (3) demonstrated that an increase in resistance to actinomycin by a Bacillus subtilis strain was followed by a decrease in ability of the strain to undergo transformation to tryptophan and histidine independence. Again, transformation was restored after a decrease in antibiotic resistance. These investigators, however, did not determine whether the actinomycin-resistant strain had lost the ability to take up DNA. Polsinelli et al. (10) did show that the actinomycinresistant strain had become impermeable to actinomycin. Transformation appears to offer an excellent tool for the study of this problem, in that the ability to take up DNA is altered by mutation to resistance to certain antibiotics. It is anticipated that further studies will provide information on the mechanisms by which bacterial cells attain (or lose) competence and also on the inability of some strains to undergo transformation. The present investigations are concerned with the effect of streptomycin resistance on the transformability of a group H streptococcus.
Several resistant mutants of a transformable group H streptococcus, strain Challis, were isolated from media containing high concentrations of streptomycin. Mutants SR5a and SR5 exhibited high and low transformability, respectively, when exposed to deoxyribonucleic acid (DNA) from a novobiocin-resistant Challis strain. With similar exposure, mutant SR30 exhibited loss of transformability. The mutants further differed from the parent strain in time of appearance of optimal competence, and, in the case of SR5 and SR30, total growth was somewhat less than that of the parent. The rapidity with which transformants appeared upon initial exposure to DNA was approximately the same in the mutants and the parent strain. The decrease or loss of transformability of mutants SR5 and SR30 was found to be due to an alteration in capacity to take up DNA. Mutant SR5a (highly transformable) was further differentiated from mutants SR5 and SR30 in that it was somewhat more sensitive to high concentrations of streptomycin. Transformants obtained by treating strain Challis with the three types of mutant DNA, on the other hand, exhibited similar degrees of resistance to increasing concentrations of streptomycin. The additional decrease in transforming ability of mutant SR5a and the loss of transforming ability of mutant SR5 after a second exposure to streptomycin may indicate a stepwise process in the change from transformability to nontransformability. Although streptomycin resistance may not be directly related to inability to transform, results indicate that streptomycin greatly increases the chances of selecting these mutants and also can be of value in serving as a marker in studies of this nature.
Competence (transformability) is generally defined as the ability of certain bacterial strains to take up biologically active deoxyribonucleic acid (DNA) and undergo genetic transformation. This physiological state of the cells is influenced by many factors, including the age of the culture and the nutritional environment (11, 12, 16) . Transformable bacteria which are not grown under the proper cultural conditions and nontransformable strains do not develop competence.
Recently, it was shown that transformability is altered after the acquisition of antibiotic resistance by certain transformable strains of bacteria. Sirotnak et al. (14) observed that the acquisition of certain erythromycin markers by a pneumococcus resulted in a decrease or loss of ability of the strain to undergo subsequent transformation to streptomycin resistance. Conversely, a decrease in erythromycin resistance resulted in restoration of the ability to be transformed. With the use of 32p_ labeled DNA, they were able to correlate decrease in transformability with decrease in permeability to DNA. Similarly, Polsinelli et al. (10) and Ephrati-Elizur (3) demonstrated that an increase in resistance to actinomycin by a Bacillus subtilis strain was followed by a decrease in ability of the strain to undergo transformation to tryptophan and histidine independence. Again, transformation was restored after a decrease in antibiotic resistance. These investigators, however, did not determine whether the actinomycin-resistant strain had lost the ability to take up DNA. Polsinelli et al. (10) did show that the actinomycinresistant strain had become impermeable to actinomycin. Transformation appears to offer an excellent tool for the study of this problem, in that the ability to take up DNA is altered by mutation to resistance to certain antibiotics. It is anticipated that further studies will provide information on the mechanisms by which bacterial cells attain (or lose) competence and also on the inability of some strains to undergo transformation. The present investigations are concerned with the effect of streptomycin resistance on the transformability of a group H streptococcus. Antibiotic-resistant mutants of strain Challis were isolated according to procedures previously described (8) . The following streptomycin mutants were obtained: SR5 and SR5a, isolated from medium containing 5 mg of streptomycin per ml (General Biochemicals, Chagrin Falls, Ohio); SR30, isolated from a plate containing 30 mg of streptomycin per ml which had been streaked with mutant SR5. Other differences between these mutants are explained in the text. A novobiocin mutant was isolated from a plate containing 100 pAg of novobiocin per ml (obtained through the courtesy of George B. Whitfield, Jr., The Upjohn Co., Kalamazoo, Mich.). All strains were maintained at 4 C on blood-agar slants and subcultured once a month.
Media. The transforming medium (PYG) contained 1% Proteose Peptone (Difco), 0.5% charcoaladsorbed yeast extract (Difco), and 0.1% glucose. The pH of the medium was adjusted to 7.6 with 1 N NaOH. Glucose was sterilized by Seitz filtration and added to the remainder of the medium which had been sterilized by autoclaving.
Preparation of DNA. Unlabeled transforming DNA was isolated as described previously (9) .
8P-labeled DNA was isolated according to a modification of procedures described previously (8 (2) , less than 2% ribonucleic acid (13) , and less than 5% protein (17) . The radioactivity in the DNA was 94% and each microgram contained 3.57 X 103 counts/min (5).
Transformation procedure. Experiments essentially were performed as described previously (9) , except that cells which were to be used for transformation were grown in Brain Heart Infusion (BHI; Difco) and the PYG medium contained 5% human serum. Unless indicated otherwise, DNA was used at a concentration of 5 jug/ml.
Transformants were selected on blood-agar plates containing either 25 ug of novobiocin per ml or 0.1, 5, or 30 mg of streptomycin per ml.
Measurement of 2P-labeled DNA incorporation. Various strains were exposed to 1 ug of 32P-labeled DNA per ml. After 15 min of incubation at 37 C, deoxyribonuclease was added, and incubation was continued for 10 min. Samples (1 ml) were collected on HA filters, washed four times with SSC, and dried. The radioactivity of the samples was measured with a Nuclear-Chicago thin-window, gas-flow counter. The remaining portion of cells was incubated for another 2 hr to determine the number of transformants. In all experiments, controls were run in which deoxyribonuclease was added at 0 min.
RESULTS
Transformation of streptomycin-resistant mutants to novobiocin resistance. Mutants of group H, strain Challis, were isolated from relatively low concentrations of streptomycin (50 to 500 ,ug/ml) and tested for ability to transform to novobiocin resistance. These mutants showed no decrease or only a slight decrease in transformability. Subsequently, mutants were isolated from higher concentrations of streptomycin (5 to 30 mg/ml) and examined for transformability. Figure 1 shows the results obtained when three such mutants were exposed to DNA from a novobiocin-resistant Challis strain after various periods of incubation. Strain Challis (parent strain) attained optimal competence at 2 hr, and the level of transformation gradually decreased upon continued incubation. Strain SR5a, on the other hand, did not reach optimal competence until 3 hr, and the decrease in transformants appeared to occur more rapidly than with strain Challis. At optimal competence, the numbers of Challis and SR5a transformants were about the same. Mutant SR5 also became optimally competent at 3 hr, with the number of transformants decreasing at a rate sirnilar to that of strain SR5a. In contrast, the number of SR5 transformants at optimal competence was considerably lower. Mutant SR30 was not transformable at any of the time periods tested. In all succeeding experiments involving the streptomycin mutants, competence was developed for 3 hr.
Growth of streptomycin-resistant mutants. The growth characteristic of each mutant was compared with that of strain Challis. A 0.2-ml amount of an 18-hr culture of each strain was inoculated into 10 ml of BHI and incubated at 37 C. The optical density (OD) of the tubes was read at 0.5-hr intervals for 7 hr. As shown in Fig. 2 Characterization of streptomycin-resistant mutants. Mutants SR5a, SR5, and SR30 and strain Challis were grown for 18 hr in BHI, and appropriate dilutions were spread on streptomycincontaining and plain blood-agar. A comparison of their growth on blood-agar and various concentration of streptomycin is shown in Table 2 . A slight decrease in the number of colony-forming units (CFU) of mutants SR5 and SR30 occurred when these cells were plated on streptomycin. Mutant SR30 appeared somewhat more sensitive than SR5 as the concentration of streptomycin was increased. The growth of mutant SR5a was not affected at 0.1 mg of streptomycin per ml and was only slightly affected at 5 mg. At 30 mg, however, a fivefold decrease in the number of CFU was observed. No growth occurred on streptomycin-containing agar streaked with strain Challis.
Several of the colonies of mutants SR5 and SR5a, which had grown on plain blood-agar and different concentrations of streptomycin in the previous experiment (Table 2 ), were isolated and tested for ability to transform to novobiocin resistance. It can be seen in Table 3 It should be pointed out that the streptomycinresistant mutants reacted similarly to DNA from a chloramphenicol-resistant Challis strain. Furthermore, the chloramphenicol and the novobiocin-resistant mutants were transformable at levels similar to strain Challis when streptomycinresistant DNA was used.
DIscussIoN
The alteration in transformability of certain species of transformable bacteria upon acquisition of antibiotic resistance has been observed by several investigators (3, 10, 14) . These observations seemed to offer an excellent means of readily obtaining bacterial strains with altered transformability which could be useful in studying the mechanism of competence. Reported herein is a study concerning the characteristics of several streptomycin-resistant mutants of transformable strain Challis in which certain properties have been altered. Although only three mutants were employed, these represent the general classes of mutants obtained upon isolation from high concentrations of streptomycin. Approximately 4 of the 15 Challis mutants isolated from 5 mg of streptomycin per ml exhibited the characteristics of mutant SR5; the remainder (SR5a) produced levels of transformation similar to strain Challis. As previously stated, SR30 was isolated by restreaking SR5 onto plates containing 30 mg of streptomycin. To determine whether mutants with altered transformability were being picked by chance, strain Challis also was streaked onto plain blood-agar and colonies were isolated and tested for ability to undergo transformation to novobiocin resistance. Of approximately 30 colonies examined, only two showed a decrease in transformability. This decrease was only 5-fold as compared to an approximately 200-fold decrease in mutant SR5 and no transformation in mutant SR30.
One of the most striking characteristics of the two transformable mutants is that the time of appearance of optimal competence is shifted from 2 hr (optimum for strain Challis) to 3 hr (Fig. 1) . This was true for all mutants isolated from streptomycin, in spite of the fact that many transformed at the same level as strain Challis.
The growth of the mutants also was examined in efforts to explain the change in time of appearance of competence (Fig. 2 ). An explanation, however, is not readily apparent since growth of strain Challis and the three mutants are identical at the times of appearance of optimal competence (2 and 3 hr, respectively). One possible explanation may be in the difference in total growth of the various strains. The total growth (5 to 7 hr) of mutant SR5a (highly transformable) is somewhat higher than that of mutants SR5 and SR30 and is comparable to that of strain Challis. The total growth of mutant SR30 (nontransformable), however, is slightly higher than that of mutant SR5 which is weakly transformable.
The decrease in transformability of mutant SR5 is probably not due to a slower rate of DNA penetration, since a majority of the mutant transformants appeared after brief exposure (5 min) to DNA (Fig. 3) . A second, and unexplainable, in- Since prolonged exposure of SR5 and SR30 to DNA (up to 18 hr for mutant SR30) did not result in an increase in transformants, it was felt that 32P-labeled DNA could be employed to determine whether DNA was being incorporated (Table 1) . It is apparent that the weakly transformable (SR5) and nontransformable mutants take up less DNA than the highly transformable strains (Challis and SR5a). Similar observations were made by Sirotnak et al. (14) , who showed that a decrease in the level of transformation of pneumococcus was directly proportional to the decrease in capacity to take up DNA. In these investigations, however, the number of SR5 transformants was about 180 times less than the number of Challis transformants, whereas the amount of 32p incorporated was about 4 times less. This lack of correlation between incorporation and transformation does not appear to be due to impurities in the preparation, since 94% of the radioactivity was precipitable (trichloroacetic acid) as DNA. Here, it would be interesting to speculate that some of the DNA incorporated by mutant SR5 is not being integrated. It is felt, however, that further investigations along these lines are necessary. DNA with a higher specific activity and different times of exposure will be used in future experiments. The amount of 32p incorporated by mutant SR30 seems insignificant, although Perry and Slade (8) showed that certain nontransformable streptococci will incorporate significant amounts of 3P DNA. Sirotnak et al. (14) also observed that a nontransformable erythromycin -resistant pneumococcus incorporated a small amount of 32p, which was believed to be insignificant.
The decrease in transformability of certain bacteria accompanied by an increase in antibiotic resistance is not readily apparent in these studies. Mutant SR5a, nonetheless, is less resistant to 30 mg of streptomycin per ml than is mutant SR5; mutant SR5a is also more highly transformable (Table 2) . These two mutants, as stated previously, were isolated as single-colony isolates from the same concentration of streptomycin (5 mg/ml).
Despite the observation that SR30 is nontransformable, it appeared slightly more sensitive to streptomycin than did SR5. Transformants of strain Challis exposed to DNA from these mutants showed similar degrees of sensitivity to streptomycin as did the mutants (Table 4 ). In contrast, SR5 transformants of strain Challis appeared slightly more sensitive than SR5a and SR30 transformants.
The decrease and loss of transformability of SR5a and SR5, respectively, after re-exposure to streptomycin, suggest a possible stepwise mechanism in the loss of the competent state (Table 3) .
Thus, the loss in transformability could be represented as follows:
It is possible that mutant SR5 also was directly derived from Challis since, like mutant SR5a, it was isolated from 5 mg of streptomycin. The greater proportion of mutants initially isolated, however, were of the SR5a type. Mutant SR5a and strain Challis give similar levels of transformation, but the time for appearance of competence differs between them. The next step could result in the formation of SR5 mutants which not only differ from Challis in the time of optimal competence, but also show a considerable decrease in transformability. The final step would result in the production of SR30 mutants which are nontransformable. It is unlikely that SR5 is a mixture of SR5a and SR30 mutants since singlecolony isolates were obtained. These isolates were further purified by restreaking onto blood-agar and reisolating single colonies.
The determination of whether inability to transform is transferred by mutant DNA awaits further investigations. Some decrease in transformability occurred after transformation of Challis with mutant DNA, but this was probably a result of exposure to streptomycin. Furthermore, with the exception of two, the mutant transformants exhibited the same degree of loss, regardless of the source of DNA. To circumvent the use of streptomycin for the detection of transformants, replica plating was employed. Strain Challis cells were exposed to mutant DNA in the usual manner and spread on plain blood-agar. The colonies that arose were then replicated onto streptomycincontaining agar, and transformants were picked from the master plate. Certain problems arose, however, which have not as yet been solved. First, maximal transformation with DNA from any of the mutants is about 2.5%, and thus the limited number of mutant transformants obtained may still be within the realm of chance isolation. Second, increasing the number of transformants would mean increasing the total number of cells on the master plate, which makes isolation of transformants almost impossible.
The results of these investigations show that mutants of strain Challis isolated from high concentrations of streptomycin exhibited varying degrees of loss in transformability. This decrease or loss in transformability is apparently due to an alteration in capacity to take up DNA. Sirotnak et al. (14) , who showed that the loss of transform-137 VOL. 95, 1968 on September 23, 2017 by guest http://jb.asm.org/ Downloaded from ability in erythromycin-resistant penumococcus was due to a lack of DNA uptake, felt that the decrease in capacity to take up DNA was correlated with the cells becoming impermeable to the antibiotic. Several investigators have shown that some streptomycin-resistant bacteria also become impermeable to streptomycin (6, 18) . In these investigations, however, no such correlation can be made, because mutant SR5a incorporated the same amount of DNA as did strain Challis. In this regard, it would be interesting to determine whether mutant SR5a is still permeable to streptomycin. It also is interesting to speculate that mutant SR5a acquired resistance to streptomycin through ribosomal alteration (1, 4, 15) , whereas mutants SR5 and SR30 acquired resistance through alteration in permeability. This possibility may partly explain the difference in transformability of the mutants.
The observation that it has not been possible to demonstrate the transfer of inability to transform by DNA may indicate that this marker is widely separated (unlinked) from the streptomycin marker. Thus, under the present conditions for selecting transformants on streptomycin-agar, transformants carrying the marker for inability to transform (mostly streptomycin-sensitive) would not be detected.
The decrease or loss of transformability of the mutants studied in these investigations has not yet been shown to be directly due to the acquisition of streptomycin resistance. On the contrary, the results obtained with mutant SR5a (highly transformable) may indicate that streptomycin resistance is unrelated to inability to transform, and at least several other factors are involved. Nevertheless, these results do indicate that streptomycin greatly increases the chances of selecting such mutants and, in addition, can be of considerable value in serving as a marker in further studies on the mechanism of the development of competence.
